A whole-genome DNA microarray was constructed to dissect expression profiles of Vibrio parahaemolyticus in response to a sudden temperature downshift from 37 to 10 1C. The mRNA level of each gene at each of three time points (20, 40 and 60 min after temperature downshift) was compared with that just before cold treatment. Clustering analysis of time-course data revealed nine gene clusters with different time-dependent expression patterns. Downregulation of metabolism-related genes was obviously dominant over upregulation at all time points. The distinct negative regulation of metabolism-related genes would account for a generally reduced cellular protein pool resulting from the sudden temperature downshift. In contrast, cold shock had a 'neutral and balanced' regulatory action on nonmetabolic cellular pathways, which likely brought about the remodelling of cell envelope structures and transport/binding functions. We identified a 171-bp 5 0 -untranslated region in the cspA transcript. The cspA gene encoded cold shock protein A (CspA), and CspA was shown to be the major cold shock protein in V. parahaemolyticus. Evident regulatory motifs were conserved within the cspA promoter regions of Escherichia coli and V. parahaemolyticus. These two bacteria likely use the same mechanism to regulate the cold-inducible expression of cspA.
Introduction
Vibrio parahaemolyticus is a halophilic, Gram-negative Vibrio widely distributed in marine environments. This bacterium can be frequently isolated from various raw seafoods (Yeung & Boor, 2004; Su & Liu, 2007) . It is the leading cause of human food poisoning associated with seafood consumption throughout the world. Symptoms of V. parahaemolyticus infection manifest as diarrhoea, abdominal cramps, nausea, vomiting, regurgitation, headache and fever (Yeung & Boor, 2004; Su & Liu, 2007) . Clinical V. parahaemolyticus is often associated with the Kanagawa phenomenon (KP), in contrast to most environmental isolates; the KP 1 phenotype is characterized as the bacterial ability to produce b-haemolysis on the Wagatsuma agar, which is due to the production of thermostable direct haemolysin (TDH) (Nishibuchi & Kaper, 1995; Kaperonis et al., 2006) . In addition to TDH, virulent determinants of V. parahaemolyticus still include haemolysin-related toxin (Nishibuchi et al., 1989) and two type III secretion systems (Kim et al., 2004) . In addition, the adhesion and invasion of enterocytes are thought to be important for V. parahaemolyticus infection (Yeung & Boor, 2004) .
O and K antigens are typically used for the serotyping of V. parahaemolyticus, and accordingly 13 O groups and 71 K types are identified using commercial antisera. Since 1996, the O3:K6 serotype and its clonal derivatives O4:K68, O1:K25 and O1:KUT have been linked to pandemic outbreaks of gastroenteritis, particularly in coastal countries and regions (Chowdhury et al., 2000; Matsumoto et al., 2000; Okura et al., 2004; Nair et al., 2007) . These four types of strains isolated since 1996 are referred to as the 'pandemic group,' which is considered to have newly emerged from the original O3:K6 clone (Chowdhury et al., 2000; Matsumoto et al., 2000; Okura et al., 2004; Nair et al., 2007) . PCR with a positive detection of both the tdh gene (tdh-PCR) and the toxRS/new sequence (GS-PCR) has been established to distinguish pandemic group strains from other V. parahaemolyticus ones (Matsumoto et al., 2000; Okura et al., 2004) .
Raw seafood is generally subject to various postharvest handling procedures, such as washing and cold storage. During cold storage, V. parahaemolyticus encounters a low temperature, an environmental stress drastically modifying the physical-chemical parameters of a living cell. The accumulated evidences suggest that bacteria exhibit complex physiological responses to a rapid downshift of temperature, including decrease in membrane fluidity, stabilization of secondary structures of nucleic acids, leading to reduced efficiency of gene transcription and translation, inefficient folding of some proteins and hampered ribosome function, which is known to be bacterial cold shock response (Phadtare et al., 1999; Gualerzi et al., 2003; Weber & Marahiel, 2003; Phadtare, 2004) .
The molecular basis for cold shock response in V. parahaemolyticus is still poorly understood. There is no relevant report on this bacterium until now. In the present work, DNA microarray was used to investigate genome-wide transcriptional alterations of this bacterium after a time course of cold (10 1C) treatment, and further to define gene clusters with distinct expression patterns over the time course.
Materials and methods

Bacterial growth and RNA isolation
Vibrio parahaemolyticus strain LAMVP1 (tdh-PCR 1 , GS-PCR 1 and KP
1
) used in this study is a pandemic O3:K6 strain isolated from a diarrhoea patient in Thailand in 1996. According to the DNA microarray-based comparative genomic hybridization (data not shown), its genomic content is almost identical to that of another pandemic O3:K6 strain RIMD2210633, whose genomic sequence has been determined (Erdenebaatar et al., 2003) .
A modified V-5 (MV-5) minimal medium (Sarker et al., 1994) , consisting of 342 mM (2%) NaCl, 40 mM D-mannitol, 10 mM (NH 4 ) 2 SO 4 , 100 mM K 2 HPO 4 , 0.75 mM MgSO 4 , 0.05 mM CaCl 2 , 0.025 mM ZnCl 2 and 0.025 mM FeSO 4 (pH 8.0), was used for bacterial cultivation. Strain LAMVP1 was grown at 37 1C to an A 600 nm of 1.0, and then 50-fold diluted into a fresh MV-5 medium. Cultures were grown at 37 1C to an A 600 nm of 1.2 in the middle exponential phase (the cell culture yielded an A 600 nm of about 2.4, when cells entered the stationary phase), and then transferred to 10 1C for cold shock treatment.
Cells were harvested before cold treatment and at 20, 40 and 60 min after a temperature downshift, respectively. Before bacterial harvest, double-volume RNAprotect Bacteria Reagent (Qiagen) was added immediately to each cell culture. Total RNA extraction was performed using MasterPure TM RNA Purification kits (Epicenter). RNA quality was monitored by agarose gel electrophoresis, and RNA quantity was measured by a spectrophotometer.
Construction of DNA microarray
A primer pair was designed to amplify almost the entirelength of each annotated ORF (gene) of strain RIMD2210633. A total of 4669 genes representing about 97% of the V. parahaemolyticus genome were amplified successfully. The purified PCR products were spotted in duplicate on the CSS-1000 silylated glass slides (CEL) using a SpotArray72 Microarray Printing System (Perkin Elmer Life Sciences) with 32 Telechem SMP3 Stealth Pins (4 Â 8 layout) to construct the DNA microarrays. Genomic DNA of strain LAMVP1, salmon sperm DNA and 50% dimethyl sulphoxide (DMSO) solution were included in the microarray as internal controls. The spotted slides were stored in dry environment at room temperature for at least 12 h, and then crosslinked twice using a UV Stratalinker (Hoefer), each at a total energy of 60 mJ.
Microarray expression analysis
For microarray hybridization, four independent bacterial cultures from each condition were prepared as biological replicates for RNA isolation (Han et al., 2005) . Accordingly, for each time point, four dual-fluorescence-labelled cDNA probes were prepared to hybridize with four slides, respectively. Pairwise comparisons were made using dye swaps to avoid labelling bias. A ratio of mRNA levels [test (10 1C)/ reference (37 1C) at each time point] was calculated for each gene. Significant changes of gene expression were identified with the SAM software (Tusher et al., 2001) . After the SAM analysis, only genes with at least twofold changes in expression were collected for further analysis.
Clustering of time-course microarray data
Nonredundant genes with a significantly altered expression at one or more time points were collected for clustering analysis. Clustering of time-course data (log 2 ratio of gene expression) was performed using the STEM software (Ernst & Bar-Joseph, 2006) . It is specific for analysis of short timeseries microarray expression data (3-8 time points). The clustering method implemented by STEM first defines a set of distinct and representative models of temporal expression profile independent of the data. Each gene is then assigned to the model profile to which its time series most closely matches based on the correlation coefficient. This analysis will generate various gene clusters with distinct expression patterns over the time course.
Real-time quantitative reverse transcriptase (RT)-PCR
Gene-specific primers were designed to produce a 150-200 bp amplicon for each gene. Contaminated DNA in RNA samples was further removed using Amibion's DNAfree TM Kit. cDNAs were generated using 5 mg of RNA and 3 mg of random hexamer primers. Using three independent cultures and RNA preparations, real-time PCR was performed in triplicate as described previously (Han et al., 2005) , using the LightCycler system (Roche), together with the SYBR Green master mix. Based on the standard curve of 16S rRNA gene expression for each RNA preparation, the relative mRNA level was determined by the classic DC t method. The 16S rRNA gene was used to normalize that of all the other genes. The transcriptional variation of mRNA levels was then calculated for each gene. A mean ratio of two was taken as the cutoff of statistical significance.
Primer extension
An oligonucleotide primer complementary to a portion of the RNA transcript of each gene was used to synthesize cDNAs from the RNA templates (Zhan et al., 2008) . Electrophoresis of primer extension products was performed with a 6% polyacrylamide/8 M urea gel. The yield of each primer extension product would indicate the mRNA expression level of the corresponding gene in each strain, and could could be used to map the 5 0 terminus of the RNA transcript for each gene.
Results and discussion
Overview of microarray analysis A whole-genome DNA microarray was used to monitor the mRNA profiles of V. parahaemolyticus cells shifted from 37 to 10 1C. A time-course study was designed, i.e. cells were harvested at 20, 40 and 60 min (three time points) after a sudden temperature downshift, respectively. Bacterial gene expression at each time point was compared with that grown at 37 1C (just before cold treatment). Log 2 ratio or fold change of gene expression was obtained for each gene at each time point (10 1C) against the time-matched control (37 1C), and the significant change in expression was determined by the SAM software (Tusher et al., 2001) , in combination with a cutoff value of twofold change.
A total of 4769 V. parahaemolyticus genes were present on the microarray; among them, 2002 (42%) had unknown or unsigned functions according to the genome annotation of strain RIMD2210633 (Erdenebaatar et al., 2003) . Of these 4769 genes, 482 were filtered because their detectable mRNA levels were below the noise level (data of these 482 genes were discarded at all time points). Accordingly, 162, 338 and 542 genes showed significantly altered expressions at 20, 40 and 60 min, respectively (see Supporting Information, Table  S1 ); among them the transcription of 87, 180 and 303 genes was significantly enhanced, respectively (Fig. 1 ). Upregulation was slightly dominant over downregulation at all time points. With time, the number of differentially regulated (both up-and downregulated) genes increased considerably. Thus, a prolonged cold treatment of 1 h would lead to a much greater effect on the global gene expression.
Accordingly, a total of 619 nonredundant genes were collected, whose expression was altered significantly at one or more time points (Table S2 ). Of these, 217 (35%) have unknown or unsigned functions. Approximately 60% of these 619 genes showed significant alteration in their expression at multiple time points, while the remaining 60% were significantly changed at only one time point. Counting each time point as a separate event, 56.6% of all significant changes in gene expression represented upregulation, and 43.1% representing downregulation.
Functional classification of differentially regulated genes
The 691 differentially regulated genes could be assigned to 16 functional categories (Table 1) according to the annotation from the Institute for Genomic Research (http://cmr.tigr. org/cgi-bin/CMR/GenomePage.cgi?org=ntvp01), indicating a global effect on gene expression upon cold shock. The tendency of gene number to increase over the time course as seen in Fig. 1 could also be found for most of the 16 functional categories (Table 1) , which further confirmed the notion that a prolonged cold treatment for 1 h affected the global gene expression more extensively.
As shown in Table 1 , for at least five metabolism-related functional categories [amino acid synthesis, energy metabolism, protein synthesis (most genes were responsible for the ribosome function), fatty acid and phospholipid metabolism, and purine, pyrimidine, nucleoside and nucleotides metabolism], downregulated genes were noticeably dominant over upregulated ones at each time point. The obvious negative regulation of genes related to energy generation and amino acid/protein biosynthesis at time points would account for the generally reduced cellular protein pool that resulted from the sudden temperature downshift (Weber & Marahiel, 2003) . For all the nonmetabolic functions (cell envelope, transport and binding proteins, regulatory functions, cellular processes and mobile and extrachromosomal element functions) as well as the gene group with unknown or unsigned functions, upregulation was more frequent than downregulation over the whole time course. To sum up, cold shock had a detrimental effect on cell metabolism; in contrast, it exerted a 'neutral and balanced' regulatory action on nonmetabolic cellular pathways, which likely brought about the remodelling of corresponding gene functions upon cold shock.
At 60 min, cold-inducible changes occurred in the transcription of at least 40 genes related to the cell envelope as well as 36 genes encoding transport/binding functions, indicating that V. parahaemolyticus cells would remodel their cell envelope components in response to a drastic downshift of temperature. Remodelling of the cell envelope would thereby affect the transport/binding functions that were essential for the accumulation of nutrients against a concentration gradient, as well as for the excretion of various end products of metabolism. Taken together, cold shock may drastically alter the cell envelope structure and transmembrane transporting functions.
Transcription of 13 genes, encoding enzymes involved in fatty acid and phospholipid biosynthesis, was affected at one or more time points. This indicates considerable alteration of fatty acid/phospholipid structures, which has been linked to the restoration of bacterial membrane fluidity and hence its functions after cold shock (Weber & Marahiel, 2003) .
An interesting observation is that a large array of regulatory genes (16, 28 and 45 genes at 20, 40 and 60 min, respectively) was affected by cold shock. The transcriptional change of these regulatory genes might have pleiotropic effects on gene expression, which consequently had a huge impact on the RNA and protein pools after cold shock, and was represented by the significantly altered expression of hundreds of genes detected by the microarray herein.
Clustering of time-course data
Clustering analysis was performed on the 619 genes that showed altered expression at one or more time points. Genes with similar time-dependent peak regulation were assigned to a specific cluster. This enabled the extraction of clearer and more meaningful expression patterns from a large array of differentially regulated genes. Accordingly, we identified nine gene clusters (Fig. 2) , each with statistical The number of up-or downregulated genes in each group was shown.
significance as determined by the STEM software. They contained 536 genes (Table S3) . Cluster (a): gradually upregulated over the whole time course. This cluster is composed of 84 genes, including those involved in capsular polysaccharide biosynthesis, and stress toleration (DNA-damage-inducible protein F, paraquat-inducible protein A and stringent starvation protein A).
Cluster (b): gradually upregulated at 20 and 40 min, and maintains the peak of upregulation at 60 min. It consists of 81 genes, including those responsible for the general secretion pathway, type IV prepilin biogenesis and pathogenesis (putative haemolysins and virulence-associated protein VacB).
Cluster (c): upregulated at 20 min, and maintains the peak of upregulation at 40 and 60 min. It contains 56 genes such as those encoding cold shock protein CspA, sigma factor RpoS, sigma-E factor regulatory proteins RseC and RseB, and proteins for type IV prepilin biogenesis.
Cluster (d): upregulated at 20 min, and maintains the same peak of upregulation at 40 min, followed by greater upregulation at 60 min. It comprises 41 genes, including those related to capsular polysaccharide biosynthesis, and stress toleration (paraquat-inducible protein B).
Cluster (e): no transcriptional change at 20 min, and gradually upregulated at 40 and 60 min. It involves 36 genes, including those playing roles in cobalamin biosynthesis and cold shock adaptation (ATP-dependent RNA helicase DeaD).
Cluster (f): gradually downregulated at time points (81 genes). Cluster (g): gradually downregulated at 20 and 40 min, and maintain the peak of downregulation at 60 min (43 genes). Cluster (h): downregulated at 20 min, and maintains the peak of downregulation at 40 and 60 min (68 genes). Cluster (i): downregulated at 20 min, and maintains the same peak of downregulation at 40 min, followed by greater downregulation at 60 min (46 genes). These four clusters include a broad range of genes responsible for energy metabolism, and biosynthesis of amino acid, protein, purine and ribonucleotide. In addition, Cluster (f) still contains genes encoding heat shock proteins (HSPs) and outer membrane porins.
Clusters (a)-(e) are composed of 298 cold-inducible genes, particularly including those related to cold-adaptation functions (CspA and DeaD), stress-inducible proteins, putative haemolysins and biogenesis of surface structures (capsular polysaccharide and type IV prepilin). The remaining four clusters (f)-(i) contain 238 cold-repressed genes, whose expression patterns further confirm the notion of a hampered metabolic activity of V. parahaemolyticus upon cold shock.
For each cluster, there is a general increasing tendency in the peak of up-or downregulation, indicating that a prolonged cold treatment for 1 h would lead to a much greater effect on the expression of each individual gene involved. Clusters (a)/(f), (b)/(g), (c)/(h) and (d)/(i) constitute four cluster pairs. Every two paired clusters, for example (a) and (f), have the identical tendency of timedependent peak regulation, although one cluster shows upregulation while the other shows downregulation.
Validation of microarray data by real-time RT-PCR
Real-time quantitative RT-PCR was used to confirm the microarray data. Fifteen genes were chosen to compare data from the two techniques (Table 2 ). The resulting transcriptional ratio from real-time RT-PCR analysis was logarithmtransformed and then plotted against the average log ratio values obtained by microarray analysis (Fig. 3) . As shown in Fig. 3 , there was a strong positive correlation (R 2 = 0.7598) between the two techniques. In addition, the two kinds of data gave the same tendency of transcriptional alteration for each of 41 (91%) of the 45 data points (15 genes Â 3 time points) tested. The above confirmed the reliability of microarray data.
Cold-inducible expression of cspA
Cold causes the formation and stabilization of secondary structures in RNA, which will interfere with efficient ribosomal binding, elongation and translation termination (Weber & Marahiel, 2003) . Bacteria have RNA chaperones (CspA or its homologues) that cooperatively bind to nascent mRNA transcripts to preventing the formation of the mRNA secondary structure (Yamanaka, 1999) .
Both microarray and real-time RT-PCR data showed that cold enhanced the transcription of the cspA gene (VPA1289) by more than 30-fold at all time points (Table 2) . Primer extension experiments were performed to map the transcription start site of cspA. Two primer extension products, with a single-base difference in length, were detected (Fig. 4a) . Because the shorter extension product might represent premature stops due to difficulties encountered by The mRNA expression in the test sample (10 1C) at each time point was compared with that in the Reference sample (37 1C), using cDNA microarray. The data were presented as the mean change of mRNA level for each gene under each paired growth condition. The positive number stood for fold increased, while minus decreased. Those in the brackets represented the real-time RT-PCR data.
polymerase in passing difficult sequences, only the longer product was chosen for the identification of the transcription start site (Fig. 4a) . The nucleotide number of the transcription start site was taken as '11', and accordingly the promoter À 10 and À 35 elements for RNA polymerase recognition were predicted (Fig. 4b) . Accordingly, a 171-bp 5 0 -untranslated region (UTR) was identified in the cspA transcript of V. parahaemolyticus (Fig. 4b) . Similarly, a 159-bp 5 0 -UTR was detected for cspA of Escherichia coli (Das & Goldstein, 1968) .
Alignment of the promoter-proximate region of V. parahaemolyticus cspA with those of E. coli cspA and cspB prompoted us to identify the following evident features (Fig. 4c): (1) an AT-rich UP element immediately upstream of the À 35 region (Jones et al., 1996) , (2) a TGn consensus immediately upstream of the À 10 region (Datta & Bhadra, 2003) and (3) a 'Cold Box' located at the first c. 25 bases of the cspA transcript (Fang et al., 1998; Xia et al., 2002) . The E. coli Cold Box consisted of a stem-loop structure, followed by an AT-rich track at its 5 0 -terminus (Xia et al., 2002) , and similar motifs were also found in V. parahaemolyticus (Fig. 4d) . Both the AT-rich UP element (Jones et al., 1996) and the Cold Box (Fang et al., 1998; Xia et al., 2002) were required for cold-inducible expression of cspA in E. coli. The above results demonstrated the conservation of major motifs within the cspA promoter regions in E. coli and V. parahaemolyticus. It can rationally be stated that the two bacteria use the same mechanism to regulate the coldinducible expression of cspA.
There are three additional cspA homologues (VP1012, VP1889 and VPA0552) annotated in the genome of strain RIMD2210633 (Erdenebaatar et al., 2003) . mRNA of these three genes appeared undetectable by real-time RT-PCR, which was further confirmed by primer extension experiments. Thus, only CspA was the major cold shock protein in V. parahaemolyticus.
Antagonistic regulation of cold and heat shock genes
Specific genes are activated or repressed in bacterial response to sudden temperature elevation, known as the heat shock response (Yura et al., 1993; Segal & Ron, 1998; Gophna & Ron, 2003) . The heat shock response in Gram-negative bacteria involves the inducible expression of HSPs, including ATP-dependent proteases and chaperones (Yura et al., 1993; Segal & Ron, 1998; Gophna & Ron, 2003) . Herein, the microarray analysis demonstrated the repression of 10 HSP genes. The antagonistic regulation of cold and heat shock genes appears to be a general regulatory cascade in an array of bacteria such as Bacillus subtilis (Helmann et al., 2001) , Listeria monocytogenes (Chan et al., 2007) and Yersinis pestis (Han et al., 2005) . However, a portion of HSPs are induced by cold shock, as observed in E. coli (Phadtare & Inouye, 2004) , Shewanella oneidensis (Gao et al., 2006) , Synechococcus sp. strain PCC 7942 (Porankiewicz & Clarke, 1997) and cyanobacteria (Hossain & Nakamoto, 2002) . For instance, the molecular chaperone ClpB is induced both at low and at high temperatures in Synechococcus sp. strain PCC 7942 (Porankiewicz & Clarke, 1997 ) and E. coli (Phadtare & Inouye, 2004) . ClpB plays a role in preventing the aggregation of proteins and repairing proteins that have been damaged or misfolded by environmental stresses (Lee et al., 2004) . The above suggests that proper folding of proteins as well as refolding of colddamaged proteins, medicated by heat-shock-related molecular chaperones, are important after cold shock.
Other selected cold-inducible genes
Four genes (VP0444, VP2017, VP2018 and VP2943) playing roles in adaptation to atypical conditions were shown to be upregulated at all time points. The inducible expression of these stress-adaptive genes including cspA appeared to be essential for cold adaptation of V. parahaemolyticus.
Interestingly, five genes (VP2536, VP0446, VP0372, VP3048 and VP2536) encoding putative haemolysins were upregulated, although no transcriptional change of two known virulence-related haemolysins TDH and TL was observed. The inducible expression of these putative haemolysins at a low temperature is worth investigating further to elucidate their contribution to the virulence of coldadapted V. parahaemolyticus.
We further focused on the dramatically cold-inducible genes with unknown or unsigned functions. Table 2 presentes 20 such genes, and all of them fulfilled the following criteria: (1) upregulated by four or more folds at 60 min; (2) upregulated at all the time points; and (3) coding region longer than 500 bp. They appeared to represent novel candidates that play roles in cold adaptation of V. parahaemolyticus.
Concluding remarks
Microarray analysis of bacterial cold stimulons is able to provide a genome-wide picture of the bacterial cold response at the transcriptional level (Helmann et al., 2001; Phadtare & Inouye, 2004; Han et al., 2005; Gao et al., 2006; Chan et al., 2007) . Herein, a time-course microarray analysis was performed to dissect the expression profiles of V. parahaemolyticus in response to a sudden temperature downshift from 37 to 10 1C. To our knowledge, this is the first report of microarray expression analysis of V. parahaemolyticus. The detectable transcriptional responses of V. parahaemolyticus to cold shock over at various time points (20, 40 and 60 min) involved transcriptional changes in wide sets of genes. In addition to the recognition of individual genes with altered expressions, clustering of time-course data enables us to identify gene clusters, each with a unique timedependent expression pattern. This study will provide novel candidates for hypothesis-driven investigations to dissect the roles of specific genes in cold shock response and adaptation, in particular including dozens of hypothetic genes with dramatical cold-inducible expressions.
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